-channels to agonist-induced currents have been reported in vascular smooth muscle cells, the functional roles played by Cl -channels in the smooth muscle contraction and in setting the membrane potential remain essentially obscure. All of the admittedly few papers published have focused on the physiological roles of Cl -channels in the contraction and membrane depolarization elicited by agonists. At present, it seems likely that in vascular cells: a) Cl -conductance contributes to membrane depolarization, with the subsequent contraction being due to Ca 2+ release from the intracellular store sites, and b) Cl -movements through the membrane of the Ca 2+ store sites also regulate Ca 2+ release and Ca 2+ uptake from / into the store sites. As a Ca
ABSTRACT-Although evidence of important contributions by Cl
-channels to agonist-induced currents have been reported in vascular smooth muscle cells, the functional roles played by Cl -channels in the smooth muscle contraction and in setting the membrane potential remain essentially obscure. All of the admittedly few papers published have focused on the physiological roles of Cl -channels in the contraction and membrane depolarization elicited by agonists. At present, it seems likely that in vascular cells: a) Cl -conductance contributes to membrane depolarization, with the subsequent contraction being due to Ca
2+
release from the intracellular store sites, and b) Cl -movements through the membrane of the Ca 2+ store sites also regulate Ca 2+ release and Ca 2+ uptake from / into the store sites. As a Ca
-dependent Cl -current is most easily demonstrated under quasi-physiological conditions (by the perforated patch-clamp method), the contribution made by Cl -channels to smooth muscle function may be more important than previously thought. The development of the new, selective Cl
Introduction
It is well known that L-type Ca 2+ channels are important in the regulation of the intracellular Ca 2+ concentration in vascular smooth muscle cells, and some other channels, such as voltage-and ligand-gated K + channels or nonselective cation channels, are known to regulate the L-type Ca 2+ channels through changes in the membrane potential. In contrast, we still know comparatively little about the other type of ion channel that is abundantly distributed in the smooth muscle membrane, the Cl -channel. The Cl -conductance through the membrane of smooth muscle cells is higher than the corresponding conductances in skeletal and cardiac muscle cells. In rabbit pulmonary arterial cells, an intracellular Cl -concentration of 57 mM has been calculated, and the relative permeability for Cl -is 0.67 against the K + permeability under resting membrane conditions (1) . The calculated equilibrium potential for Cl -in these vascular cells is -26 mV (1), which is a high enough potential to activate the L-type Ca 2+ channels in these cells, and also high enough to block the spontaneously generated action potential in excitable cells (depolarization block). This high Cl -conductance may be an important determinant of the indigenous membrane properties of smooth muscle cells. In actual fact, an increase in Cl -conductance produces a bidirectional response in terms of smooth muscle contraction. In vascular smooth muscle cells, which (with the exception of the portal vein) do not generate an action potential spontaneously in the presence or absence of agonists, an increase in Cl -conductance may contribute to muscle contraction. Thanks to the use of voltage-clamp methods, much evidence has accumulated to demonstrate the presence of Cl -channels in vascular smooth muscle and to elucidate their electrophysiological and pharmacological properties, but it is still not yet clear exactly how Cl -channels contribute to the regulation of smooth muscle contraction and membrane depolarization elicited by various agonists. An adequate knowledge of the current view of the properties of Cl -channels or Cl -conductance, as they relate to the regulation of contraction, is essential for an understanding of their physiological and pathophysiological roles. The present paper reviews the present situation with regard to our knowledge of Cl measured in cultured rat aorta cells using a Cl --sensitive fluorescent dye (MQAE) (31.6 mM) (9) . The calculated reversal potentials for Cl -were -29 and -40 mV, respectively, in these two preparations. These values of the reversal potential are marginal in terms of ability to activate voltage-dependent Ca 2+ channels; however, a comparison of the contractions and depolarizations (achieved by increase in the extracellular K + concentration) shows that a depolarization to -40 mV is sufficient to produce contraction in smooth muscle cells (1) 
11). The volume-regulated Cl
-channel can be activated experimentally by low osmotic pressure (perfusion with a hypotonic solution) or by certain pathological conditions. This Cl -channel has also been reported to be activated by mechanical stress, which occurs during vascular distension caused by a rise in systolic pressure, and by urinary retention in the bladder etc. In these cases, a shift in the cellular responses toward contraction clearly favors both the maintenance of tissue integnity and systemic stability against mechanical stretch. Nelson et al. (12) demonstrated that raising the pressure in the cerebral artery to 80 mmHg depolarized the membrane, while Cl --channel blockers, IAA-94 (indaryloxyacetic acid) and DIDS (4,4'-diisothiocyanatostilbene-2,2'-disulphonic acid), hyperpolarized the membrane and relaxed the tissue. These results indicated that stretching the vessel wall by increasing blood pressure activated the volume-regulated Cl -channels and reduced the arterial diameter. The same group recently showed that the above Cl --channel blockers also suppressed the non-selective cationic current (13) . Thus, the importance of Cl -channels to the pressure-induced response should promote further study and discussion, and development of selective Cl (11, 19) . This order of anion permeability differs from those reported for other types of Cl -channels such as ClC-0, ClC-1, ClC-2 and ClC-5 channels. The two types of Cl -current (Ca
2+
-dependent and volume-regulated Cl -channels) can be separated by the use of certain channel blockers. Niflumic acid is one such blocker, and this agent inhibits Ca
-dependent Cl -channels, but not volume-regulated Cl -channels. DIDS, a stilbene derivative, is also known to inhibit the Ca
-dependent Cl -channel rather than the volume-regulated channel.
Contribution of Cl
-conductance to smooth muscle contraction
To assess the physiological role played by Cl -conductance in vascular smooth muscle cells, Criddle et al. (20, 21) examined the effects of niflumic acid on both K + -and agonist-induced contractions. They showed that niflumic acid (1 -30 mM) selectively inhibited the agonist-induced contraction without changing the high K + -induced contraction in both the rat aorta and rat mesenteric artery. Niflumic acid (30 mM), but not mefenamic acid (100 mM), was later shown by our group to reduce the amplitude of the histamine-induced contraction in the rabbit basilar artery without inhibiting the high K + -induced contraction (22) . This niflumic acid-induced inhibition was predominantly observed in the early phase of the agonist-induced contraction. Although a high concentration of niflumic acid blocks the high K + -induced contraction, the contribution made by the Ca
2+
-dependent Cl -conductance to the contraction could be measured by carefully choosing the concentration of niflumic acid used. Criddle et al. (20) thought that the inhibitory action of niflumic acid on the agonist-induced contraction targeted Ca 2+ influx through L-type Ca 2+ channels since niflumic acid reduced neither the amplitude of the phasic contraction observed in Ca 2+ -free solution (17) nor the Ca
-dependent K + current. On the other hand, Hogg et al. (15) thought that niflumic acid might act on the Ca 2+ release mechanism on the basis of their observations. In our study (ref. 23 , rabbit basilar artery), since a long exposure to niflumic acid (1 h or longer) led to the amplitude of the phasic contraction being reduced, a niflumic-acid-sensitive mechanism might contribute to an initial increase in the intracellular Ca 2+ concentration through Ca 2+ release from the intracellular Ca 2+ store sites and resulted in contraction. There have been several reports of the effects on smooth muscle contraction resulting from the replacement of extracellular Cl -ions by other permeable or impermeable anions. Saha et al. (24) showed that use of Cl --deficient solution (Cl -substituted by glucronate and gluconate) reduced the muscle tone of the lower esophageal sphincter muscle of the opposum without changing the acetylcholine-induced contraction. This relaxation could be mimicked by application of the Cl --channel blockers, NPPB (5-nitro-2-(3-phenylpropylamino)benzoic acid) and IAA-94, suggesting an important contribution of Cl -conductance to esophageal muscle tone in the opposum. In rabbit basilar artery, use of low Cl -solution (Cl -substituted by several impermeable anions) reduced the amplitude of the histamine-induced contraction without changing the high K + -induced contraction (23) . In this preparation, histamine is a strong constrictor through activation of the H1-receptor (16) , and it induces a phasic contraction followed by a tonic contraction. The former depends on Ca 2+ release from the store sites and the latter, on Ca 2+ influx through L-type Ca 2+ channels (Fig. 1) . The typical effects produced by the use of low Cl -solution on the histamine-induced contraction in the rabbit basilar artery are i) suppression of the phasic contraction, ii) suppression of the rate of rise of the tonic contraction and iii) increase in the rate of relaxation (Fig. 1) . Thus, Cl -conductance contributes to the enhancement of both the Ca 2+ -induced Ca 2+ release mechanism and Ca 2+ influx. The rank order of potencies for the inhibitory effects of impermeable anions on the contraction resembled the rank order of permeabilities for the Ca 2+ -dependent Cl -channels in rat lacrimal gland cells (25) .
Any direct evidence in favor of a contribution by Cl -conductance in the plasmalemma to Ca 2+ release from the sarcoplasmic reticulum (SR) is scarce, but few papers showed mutual relationships between Cl -conductance on the SR membrane and the Ca 2+ release from the ryanodine receptors. Using organic anions, Fruen et al. (26) demonstrated that substitution of Cl -by propionate reduced Ca
release via a reduction in the functional rynodine receptor in skeletal muscle SR, but not in cardiac muscle SR. Thus, it is not clear whether and how Cl -conductance on the SR mambrane participates in Ca 2+ release from the SR. The difference observed between skeletal and cardiac muscles may due to the known presence of different ryanodine recepters in the two muscles, skeletal muscle possessing RYR-1 and RYR-3 receptors, whereas cardiac muscle possesses the RYR-2 receptor. All three types of RYR receptors may contribute to the Ca mechanism in these cells, although it was reliably reported that Cl --dependent activation of Ca 2+ release occurs through the RYR-1 receptor in skeletal muscle (27) . In the case of smooth muscle cells, it has been reported that RYR-2 and RYR-3 receptor genes are both present. If we assume that the RYR-2 receptor does not mediate Cl --dependent Ca 2+ release in smooth muscle cells, as it is reported to do in cardiac RYR-2 (27) , then the RYR-3 receptor may mediate Ca 2+ release from the SR in smooth muscle cells. As replacement of Cl -with methanesulfonate reduced the Ca 2+ -induced Ca 2+ release in the skeletal muscle of RYR-1 knock-out mice (27) , both RYR-1 and RYR-3 receptors seem to be regulated by the intracellular Cl -concentration in skeletal muscle. Pollock et al. (14) reported no inhibition of Ca 2+ uptake by niflumic acid in a rabbit stomach smooth muscle preparation, although several other Cl -dependent Cl -current without a change in the resting myogenic tone, whereas in cerebral artery stretched by strong pressure, a volume-regulated Cl -current was activated under resting conditions (12, 21) . As the former contraction was inhibited by niflumic acid, but not the latter, different Cl -currents would appear to have been activated by the above maneuvers.
Contribution of Cl
-conductance to the membrane potential Although much electrophysiological evidence of the presence of a Cl -current and of its contribution to agonistinduced responses has been obtained in patch-clamp experiments, very few papers have been published in which microelectrode methods have been used. In anococcygeous muscle cells, Byrne and Large (29) reported that norepinephrine produced a membrane depolarization, the initial component of which was sensitive to [Cl - ]o (as substitution of Cl -by the impermeable anion benzensulfonate abolished the initial membrane depolarization induced by norepinephrine). In these cells, although low Cl -conditions inhibited the initial phase of the norepinephrine-induced contraction, its maximum amplitude remained unaltered, a result in good agreement with the effect of such conditions on the membrane potential (30) . Recently, Gokina and Bevan (31) showed that niflumic acid, as well as DIDS, inhibited the membrane depolarization induced by histamine in the rabbit middle cerebral artery. Although a short application of niflumic acid did not produce a distinct repolarization on the histamine-induced depolarization in the rabbit basilar artery, a long pretreatment with niflumic acid could inhibit the depolarization (23) . Similarly, superfusion with low-Cl -solution (Cl -substituted by impermeable anions) inhibited the histamine-induced depolarization (23) . All these results indicate that part of the depolarization evoked by agonists was mediated by an activation of Ca 2+ -dependent Cl -conductance.
Summary
Taken together, the above reports demonstrate a contribution of Cl -channels to agonist-induced contractions in vascular and other smooth muscle cells ( Table 2) . As blocker of Ca
2+
-dependent Cl -channels inhibited the early depolarization in the anococcygeous muscle, it would seem that the contraction that follows Ca 2+ release by agonists is antagonists did not greatly change the agonist-induced depolarization of the membrane. Thus, a conclusion that Cl --dependent membrane depolarization may regulate L-type Ca
-channel activation seems to be appropriate (Fig. 2) -dependent Cl -channels, include the predominant contribution to tonic contraction being made by agonist-induced nonselective cation channels.
To assess the physiological and pathophysiological roles played by Cl -channels, a more specific channel blocker is required, as the present channel blockers, such as niflumic acid and stilbene derivatives, are known to act at various sites. Furthermore, replacement of Cl -by other organic and inorganic anions changes the cellular conditions such as intracellular pH and cell volume through a suppression of Cl --sensitive exchangers and other Cl -channels. Indeed, experiments with low Cl -solution have produced a wide variety of effects in anococcygeous and vascular smooth muscle cells (23, 29) . The results of such experiments might depend upon whether the substitutes do or do not have an action similar to that of Cl -, which will be strongly related to their permeability through the cell and SR membranes.
